The ligand hepatocyte growth factor/scatter factor (HGF) and its receptor tyrosine kinase, c-Met, are highly expressed in most human malignant mesotheliomas (MMs) and may contribute to their increased growth and viability. Based upon our observation that RNA silencing of fos-related antigen 1 (Fra-1) inhibited c-met expression in rat mesotheliomas (1), we hypothesized that Fra-1 was a key player in HGF-induced proliferation in human MMs. In three of seven human MM lines evaluated, HGF increased Fra-1 levels and phosphorylation of both extracellular signal-regulated kinase 5 (ERK5) and AKT that were inhibited by the phosphatidylinositol 3-kinase (PI3K) inhibitor, LY290042. HGF-dependent phosphorylation and Fra-1 expression were decreased after knockdown of Fra-1, whereas overexpression of Fra-1 blocked the expression of mitogen/extracellular signal-regulated kinase kinases (MEK)5 at the mRNA and protein levels. Stable MM cell lines using a dnMEK5 showed that basal Fra-1 levels were increased in comparison to empty vector control lines. HGF also caused increased MM cell viability and proliferating cell nuclear antigen (PCNA) expression that were abolished by knockdown of MEK5 or Fra-1. Data suggest that HGF-induced effects in some MM cells are mediated via activation of a novel PI3K/ERK5/Fra-1 feedback pathway that might explain tumor-specific effects of c-Met inhibitors on MM and other tumors.
Malignant mesothelioma (MM) is an insidious tumor associated historically with occupational exposure to asbestos (2, 3) . The average survival of patients with MM is less than 1 year after initial diagnosis, and no successful treatment options exist. Although the mechanisms of development of MM are obscure, the initiation of signaling events after interaction with asbestos fibers may govern transactivation of genes governing cell proliferation and transformation (4) . Cell survival, proliferation, and progression of MMs are complex and may be related to overexpression of several autocrine growth factors, including insulin-like growth factor (5, 6), platelet-derived growth factor (7), fibroblast growth factor (8) , transforming growth factor b (8), and hepatocyte growth factor/scatter factor (HGF) (9) .
Increased expression of Fos/Jun family members and activator protein-1 (AP-1) transactivation are observed in mesothelial cells after exposure to asbestos and erionite fibers in contrast to other nonpathogenic fibers and particles (10) (11) (12) . In comparison to other fos/jun mRNAs, fos-related antigen 1 (fra-1) expression is more protracted and critical to expession of c-met and cd44 in a rat model of mesothelial cell transformation (1) .
Although HGF and its receptor, c-Met, are known to be involved in chemotaxis, growth, and invasion of a number of tumor types including MMs (13) (14) (15) , the mechanisms of HGF/ Met signaling and their functional ramifications in MMs remain unclear. We previously reported that HGF stimulates AKT phosphorylation in human MMs (16) . Moreover, we have shown that inhibition of extracellular regulated kinases 1 and 2 (ERK1/2) activation results in decreases in Fra-1 expression and inhibition of morphologic transformation of rat MMs in vitro (1, 17) . Although we have reported that ERK1/2 and ERK5 cooperate in asbestos-induced lung epithelial cell proliferation (18) , the role of ERK5 in cell signaling and proliferation in human mesotheliomas is unclear. Here we hypothesized that HGF might phosphorylate ERK5 through a phosphatidylinositol 3-kinase (PI3K)-dependent pathway linked to Fra-1 expression in human MMs. In support of our hypothesis, we report that modulating the PI3K/mitogen/extracellular signal-regulated kinase kinases (MEK)5 pathway regulates Fra-1 expression in some MMs that is linked causally to HGF-dependent viability and proliferation, as measured by expression of proliferating cell nuclear antigen (PCNA). These results suggest a novel PI3K/MEK5/Fra-1 pathway as a possible target for therapy of MMs. Moreover, we document a negative feedback loop whereby overexpression of Fra-1 blocks expression of MEK5. Results here may also explain disparate effects of Fra-1 overexpression and alterations in cell proliferation in other tumors (19) .
MATERIALS AND METHODS

Human Mesothelial and Mesothelioma Cell Lines
The human mesothelial LP9/TERT-1, an hTERT-immortalized line was obtained from Dr. James Rheinwald (20) . Human pleural mesothelioma cell lines were isolated from patients at autopsy or after surgical dissection of MMs and were kindly provided by Dr. Michele Carbone (Loyola University, Maywood, IL) (MC1, MC2, MC3, and MC4), and Dr. Harvey Pass (New York University, New York, NY) (MP2, MP5). The MM cell line MA1 (#CRL-2081) was obtained from the ATCC (Manassas, VA). All MM cell lines were tested for the
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mRNA expression of large and small Simian Virus 40 (SV40) T/t-antigen by PCR before each experiment. The MC3, MC4, MA1, and MP2 lines were negative for SV40 large T/t-antigen (SV402), whereas MC1, MC2, and MP5 were SV40 positive (SV401). Cells were propagated in DMEM/F12 medium containing 10% fetal bovine serum (FBS) and hydrocortisone (100 ng/ml), insulin (2.5 mg/ml), transferrin (25 mg/ml), and selenium (2.5 ng/ml) (Sigma, St. Louis, MO). For all experiments, cells were grown to confluence, and maintenance medium containing 0.5% FBS was added 24 hours before addition of HGF at 10 ng/ml medium. This concentration of HGF was selected from preliminary data showing that among other concentrations (1, 5, 10, 20, 50 , 100 ng/ml medium), 10 ng/ml gives the maximum AKT activation with no toxic effects (data not shown). Stock solutions of the PI3K inhibitor, LY294002 (Calbiochem, La Jolla, CA) was diluted in dimethyl sulfoxide (DMSO) and used at the effective nontoxic concentrations, 10 or 20 mM, as reported previously (21) . Control cells received DMSO in medium (, 0.1%).
Western Blot Analyses
Nearly confluent MM cells were washed three times with cold PBS, scraped from culture plates, and collected by centrifugation at 14,000 rpm for 1 minute. The pellet was resuspended in lysis buffer (20 mM Tris [pH 7.4], 1% Triton X-100, 10% glycerol, 137 mM NaCl, 2 mM EDTA, 25 mM b-glycerophosphate, 1 mM Na 3 VO 4 , 2 mM pyrophosphate, 1 mM PMSF, 10 mg/ml leupeptin, 1 mM DTT, 10 mM NaF, 1% aprotinin), incubated at 48C for 15 minutes, and centrifuged at 14,000 rpm for 20 minutes. Protein concentrations were determined using a Bio-Rad assay (Bio-Rad, Hercules, CA). Twenty micrograms of protein in sample buffer (62.5 mM Tris-HCl [pH 6.8], 2% sodium dodecyl sulfate [SDS], 10% glycerol, 50 mM dithiothreitol, 0.1% wt/vol bromophenol blue) was resolved by electrophoresis in 10% SDS-polyacrylamide gels, and transferred to nitrocellulose using a semi-dry transfer apparatus (Ellard Instrumentation, Ltd., Seattle, WA). Blots were incubated in blocking buffer (Tris-buffered saline [TBS] containing 5% nonfat dry milk plus 0.1% Tween-20 [Sigma]) for 1 hour, washed three times for 5 minutes each in TBS/0.1% Tween-20, and incubated at 48C overnight with anti-rabbit antibodies specific to phospho-AKT or total AKT, phospho-ERK5 or total ERK5, all at a 1:1,000 dilution (Cell Signaling Technology, Beverly, MA), Fra-1 (R-20) at a dilution of 1:500 (Santa Cruz Biotechnology Inc., Santa Cruz, CA), MEK5 antibody (ab24828) at a dilution of 2 mg/ml (Abcam, Inc, Cambridge, MA), or PCNA at a dilution of 1:10,000 (Bethyl Laboratories Inc., Montgomery, TX). Blots were then washed three times with TBS/0.1% Tween-20 and incubated with a specific peroxidase-conjugated secondary antibody (anti-rabbit) at a dilution of 1:3,000 (Amersham Pharmacia Biotech, Piscataway, NJ) for 1 hour. Blots were washed three times in TBS/0.1% Tween-20, and protein bands were visualized with the LumiGlo enhanced chemiluminescence detection system (Kirkgaard and Perry Laboratories, Gaithersburg, MD) and quantitated by densitometry (18) . Blots were reprobed with an antibody to a-Tubulin at a dilution 1:1,000 (Santa Cruz Biotechnology, Santa Cruz, CA) to validate equal protein loading between lanes (17).
Chromatin Binding Analysis
The chromatin binding assay was performed as described previously (22) . Briefly, approximately 4 3 10 6 cells per sample were rinsed with PBS and then with ice-cold CSK buffer (10 mM HEPES [pH 7.4], 300 mM sucrose, 100 mM NaCl, 3 mM MgCl 2 ). Cells were scraped from the plate, pelleted by centrifugation at 500 3 g, and lysed in CSK-Triton buffer (CSK buffer containing 0.5% Triton X-100, 1 mg of leupeptin/ml, 1 mg of aprotinin/ml, 1 mM NaF, 1 mM Na 3 VO 4 , and 1 mM phenylmethylsulfonyl fluoride) at 10 7 cells/ml for 10 minutes on ice. Nuclei were pelleted (designated fraction P1) by centrifugation at 1,500 3 g for 5 minutes at 48C. Supernatants (fraction S1), containing cytoplasmic and unbound nuclear proteins, were removed and further clarified by centrifugation at 16,000 3 g for 10 minutes at 48C. The pelleted nuclei then were washed with 1 ml of CSK-Triton buffer, pelleted by centrifugation, and suspended in CSK-Triton buffer at 10 7 nuclei/ml. The washed nuclei were then either used for Western blotting analysis directly or treated with nuclease to release chromatinbound proteins. For nuclease treatments, washed nuclei were resuspended at 10 7 nuclei/ml in CSK-Triton buffer containing 160 U of DNase I/ml and 50 mM MgCl 2 and incubated on ice for 10 minutes.
Nuclear remnants were then pelleted by centrifugation as before, and the proteins released into the supernatant by the nuclease treatment were separated from the proteins remaining in the pellet. For total-cell lysates, cells were rinsed twice with PBS and then lysed with E1A lysis buffer (50 mM HEPES [pH 7.0], 250 mM NaCl, 5 mM EDTA, 0.1% NP-40, 1 mM dithiothreitol, 1 mg of leupeptin/ml, 1 mg of aprotinin/ml, 1 mM NaF, 1 mM Na 3 VO 4 , and 1 mM phenylmethylsulfonyl fluoride) on ice for 30 minutes, and insoluble debris was removed by centrifugation. Protein concentrations were determined using the Bio-Rad protein assay (Bio-Rad Laboratories). Equivalent amounts of lysate were mixed with sodium dodecyl sulfate (SDS) sample buffer and heated to 958C for 5 minutes. Western blots were performed as described above.
SYBR Green Real-Time Quantitative PCR
Total RNA (1 mg) was reverse-transcribed with random primers using the Promega AMV Reverse Transcriptase kit (Promega, Madison, WI) according to the recommendations of the manufacturer. PCR amplifications were performed using the ABI PRISM 7,700 Sequence Detection System (Perkin Elmer Applied Biosystems, Foster, CA). Reactions were performed in a 50 ml reaction mixture that included 25 mL SYBR Green JumpStart Taq ReadyMix (Sigma), distilled H 2 O, DNA template, and 0.2 mM each primer from QuantiteTect primer assays (Qiagen, Valencia, CA). Amplification was performed by initial denaturation at 948C for 2 minutes, and 40 cycles of denaturation at 958C for 15 seconds, annealing at 608C for 1 minute, and extension for 1 minute at 728C. Then followed a dissociation cycle of 958C for 15 seconds, 608C for 15 seconds, and 958C for 15 seconds. C T (threshold cycles) for both the mRNAs of interest and the 18S rRNA control were determined. Original input RNA amounts were calculated using the Comparative C T Method (2 -dd^C T) to analyze changes in gene expression in the samples relative to the untreated control sample. Duplicate assays were performed with RNA samples isolated from at least two independent experiments. The values obtained from cDNAs and 18S controls provided relative gene expression levels for the gene locus investigated.
Constructs and Transfection Techniques
A dominant-negative MEK5 pcDNA3 dnMEK5(A) was obtained from Dr. Lee Jiing-Dwan (The Scripps Research Institute, La Jolla, CA). The dominant-negative construct was created by PCR-based mutagenesis of the dual phosphorylation site (ser311 and thr315 with alanine) (23) and cloned into pcDNA3 vector (Invitrogen, San Diego, CA). A wild type Fra-1 of human origin was constructed and cloned into pcDNA3.1 (Invitrogen). For creation of permanent cell lines, cells were grown to 80 to 90% confluence, trypsinized, counted, and resuspended at 3 3 10 6 cells/ml at room temperature. An aliquot of the cell suspension (400 ml) was mixed with 10 mg of plasmid DNA (expression or control plasmids) and electroporated at 400 V and 330 mF capacitance. Cells were immediately plated in fresh growth medium in 35-mm culture dishes and allowed to recover overnight. After an overnight recovery, cells were selected for neo resistance using 200 mg/ml G418 (Sigma). Colonies surviving G418 selection were expanded and tested for the presence of Fra-1 or ERK5 as an indicator of plasmid activity.
siFra-1 and siMEK5 RNA interference (RNAi) duplexes were constructed from sequence information on mature mRNA extracted from EST database (www.ncbi.nlm.nih.gov). The siFRA-1 and siMEK5 duplexes are from exon 2 of the Fra-1 gene, and exon 3 (NM_002757) of the MEK5 gene. The siRNA pool sequences targeting Fra-1 corresponded to the 107-126, 124-143, 230-249, and 276-295 coding regions relative to the first nucleotide of the start codon, and the sequence targeting MEK5, corresponded to the 193-212, 201-220, and 236-255 coding regions relative to the first nucleotide of the start codon. The sequences were BLAST-searched (NCBI database) against EST libraries to ensure the specificity of the siRNA molecule. The siRNA duplexes or a scramble control were transfected into MM lines using Lipofectamine 2000 (Invitrogen) as recommended by the manufacturer. Cells were incubated with complexes overnight, and the medium was replaced the next day. Cells were allowed to recover for 48 hours before treatments.
Enzyme-Linked Immunosorbent Assay-Based PI3K Assay
The effectiveness of the LY290042 inhibitor on PI3K activity was assessed by enzyme-linked immunosorbent assay. The production of PI(3,4,5)P 3 from PI(4,5)P 2 by PI3K was used to measure PI3K activity. MM controls and MM treated with different concentrations of LY290042 (10, 20 , and 50 mM) for 3 hours were stimulated with 10 ng/ml HGF for 30 minutes at 378C to induce PI3K activity. Cells were then lysed in 1 ml of NP-40 containing lysis buffer with protease inhibitors and protein concentration determined using Bradford reagent (Bio-Rad Laboratories, Inc.). The amount of PI (3-5) P3 produced was quantified by a competition enzyme immunoassays according to the manufacturer's protocol (Echelon, Inc., Salt Lake City, UT). In brief, PI3K was immunoprecipitated from equal protein cell lysates using 4 mg rabbit anti-PI3K (p85) antibody (Upstate Biotechnology, Lake Placid, NY). The immunoprecipitated PI3K was mixed and incubated with a PI (3-5) P3 detector protein and then added to a PI (3-5) P3-coated microplate for competitive binding. A peroxidase-linked secondary detection reagent was used to detect PI (3-5) P3 detector protein binding to the plate, and the amount of PI (3-5) P3 produced measured by absorbance at 450 nm was calculated from a standard curve prepared from known concentrations of product. The enzyme activity was expressed as amounts of PIP3 (picomoles per milliliter) and then converted to % inhibition with respect to the control cells.
MTS Cell Viability Assay
Cell viability was measured with a CellTiter 96 (Promega) colorimetric assay, using an MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt) assay, as per manufacturer's instructions. In brief, MM cells were plated in a 96-well microtiter plates at a concentration of 5 3 10 4 cells per well and incubated in complete medium overnight. Medium was aspirated and replaced with DMEM/F12 medium 1 0.5% FBS containing different concentrations of HGF (1-100 ng/ml) or control vehicle (PBS). The absorbance of the wells was read at 492 nm as a measure of cell viability at different time points. Fold changes were calculated with respect to the control.
Annexin V/PI Staining
Apoptosis was determined in control scramble, positive control (Onconase 10 mg/ml), and cells transfected with siMEK5 or siFra-1 constructs for 66 hours (48 h required for the siRNA construct to knockdown Fra-1 and MEK5 plus 18 h used in the longest experiment) by staining with annexin V-fluorescein isothiocyanate (FITC) and PI labeling. In brief, cells were washed twice with cold PBS and then resuspended in 500 ml of binding buffer (10 mM HEPES/NaOH [pH 7.4], 140 mM NaCl, 2.5 mM CaCl 2 ) at a concentration of 1 3 10 6 cells/ml. Five microliters of annexin V-FITC (PharMingen, San Diego, CA) and PI (1 mg/ml) were added to cells and analyzed by flow cytometry (Coulter EPICS XL / XL-MCL; Beckman Coulter, Fullerton, CA).
Statistical Analyses
In all experiments, three or six replications were conducted for each group per time point. Experiments were performed in triplicate. Results were evaluated by one-way ANOVA using the Student-NewmanKeuls procedure for adjustment of multiple pairwise comparisons between treatment groups. Differences with P values less than or equal to 0.05 were considered statistically significant.
RESULTS
Activation of the PI3K Pathway by HGF in Some MM Lines Causes Increased Fra-1 Expression that Is Accompanied by Increased Levels of Phosphorylated AKT and ERK5
To address the hypothesis that phosphorylation of AKT and ERK5 is linked to increases in Fra-1, LP9 human mesothelial and seven MM cell lines were evaluated for Fra-1, p-ERK5, and p-AKT expression after addition of HGF, a factor known to activate the PI3K pathway in MMs (16) . In nontransformed LP9 mesothelial cells, HGF (10 ng/ml) did not increase levels of Fra-1 protein significantly ( Figure 1A ), but p-AKT/AKT ( Figure 1B ) and p-ERK5/ERK5 ( Figure 1C ) ratios were elevated (P < 0.05). HGF increased expression of Fra-1 in 3 (MC1, MC2, MP5) of seven cell lines ( Figure 1A ). These patterns correlated with significantly (P < 0.05) increased p-AKT/AKT ( Figure 1B ) and p-ERK5/ERK5 ( Figure 1C ) levels in these lines. Subsequently, experiments were performed with MM lines expressing elevated levels of p-AKT, p-ERK5, and Fra-1 after addition of HGF.
Fra-1 Expression Is Decreased after Inhibition of PI3K Activity and by Knocking Down MEK5
We first determined whether inhibition of basal and HGFinduced Fra-1 expression was reduced after inhibition of the PI3K pathway by LY290042 (20 mM), or after knockdown of Figure 1 . Levels of fos-related antigen 1 (Fra-1) and phosphorylated AKT, extracellular signal-regulated kinase (ERK)5 are increased after addition of hepatocyte growth factor/scatter factor (HGF) (10 ng/ml for 30 min) (1 lane) to three of seven malignant mesothelioma (MM) cell lines (MC1, MC2, and MP5). Western blot analysis of (A) Fra-1/a-Tubulin expression, (B) p-AKT/AKT expression, and (C) p-ERK5/ERK5 expression. Data in graphs are expressed as mean 6 SEM (n 5 3). *P < 0.05 compared with respective untreated control group (2).
MEK5 expression using a siRNA construct (siMEK5). Figure 2 shows that approximately 85% knockdown of MEK5 expression was achieved using this construct at the mRNA level as verified by RT-QPCR (Figure 2A ) and the protein level ( Figure  2B ). As shown in Figure 2 , addition of LY290042 at a concentration of 20 mM, a concentration found to decrease significantly PI3K activity ( Figure 2C ) and phosphorylation of AKT ( Figure  2D ), reduced both basal (group 2 versus 1) and HGF-induced (groups 4 versus 3) levels of Fra-1 in MM scramble control cells (P < 0.05), and HGF-induced Fra-1 significantly. Knockdown of MEK5 with siMEK5 did not affect basal levels of Fra-1 (group 5 versus 1), but reduced HGF-induced Fra-1 expression (group 7 versus 3). MM cells transfected with siMEK5 after addition of LY290042 did not contribute further to Fra-1 downregulation (group 6 versus 5 and group 8 versus 7). RT-QPCR revealed increases in Fra-1 mRNA levels after addition of HGF to scramble control cells, which were decreased by siMEK5. However, although basal Fra-1 protein levels were not significantly affected by siMEK5 (Figure 2E ), Fra-1 mRNA levels were increased (P < 0.05) in siMEK5-transfected MM cells ( Figure 2F ), suggesting a compensatory mechanism at the mRNA level for MEK5 modulation of Fra-1 expression.
To further address the effect of MEK5 expression on HGFinduced p-AKT and Fra-1 expression, a dnMEK5-expressing MM line was evaluated in comparison to its empty vector (EV) control. A time course study revealed that HGF-dependent Fra-1 expression in EV control cells was increased significantly 1 hour after addition of HGF, and at 24 hours ( Figures 3A and  3B) . Increases in Fra-1 expression were accompanied by higher phosphorylation levels as previously demonstrated by the upward mobility shift of Fra-1 in Western blots 30 minutes after addition of HGF (24) . In the dnMEK5 MM line, there was a significant increase in Fra-1 expression at 1 hour but not later ( Figures 3C and 3D) . The patterns of phosphorylation of AKT were also different in both cell lines, the EV line showing a significant increase from 20 minutes to 2 hours, while in the dnMEK5 line, phosphorylation of AKT was less protracted and significant only at 1 and 2 hours. 
HGF-Induced ERK5 and AKT Phosphorylation Are Decreased by Overexpression of Fra-1
To address whether HGF-dependent Fra-1 up-regulation modulated expression of p-ERK5 or p-AKT, a stable Fra-1-overexpressing cell line (MM wtFra-1) was used. As shown in Figure 4A , in comparison to EV control and vehicle controls (PBS1.1%BSA added to medium), HGF (10 ng/ml) added to EV control cells induced increased amounts of phosphorylated ERK5 and AKT after 30 minutes. These effects were blocked by overexpression of wtFra-1. To verify that the effect we were observing on wtFra-1 transformed cells were due to increases in Fra-1 binding to the AP-1 complex, chromatin binding assays were performed. As shown in Figure 4B , chromatin-bound and total Fra-1 were increased in the AP-1 complex after addition of HGF to EV cells. Furthermore, wtFra-1 cells exhibited more strikingly increased levels of chromatin-bound Fra-1.
Cell Proliferation in MM Cell Lines with HGF-Inducible ERK5 Activation Is PI3K Dependent
To determine if HGF-dependent ERK5 activation was PI3K dependent and impacted MM cell proliferation, a time course study was conducted using detection of PCNA by Western blot analysis ( Figure 4C ). Increased expression of PCNA, which peaked at 30 to 60 minutes after addition of HGF (10 ng/ml), followed the same pattern as increases in p-AKT and p-ERK5 expression. Although the pre-addition of LY294002 (20 mM) did not alter levels in untreated MM cells, p-AKT, p-ERK5, and PCNA expression at 30 minutes after exposure to HGF were decreased.
To determine if HGF-induced cell viability was altered by knockdown of MEK5 or Fra-1, an MTS assay was performed after addition of HGF at various concentrations (1, 5, and 10 ng/ml). As shown in Figure 4D , HGF (10 ng/ml) caused increases (P < 0.05) in cell viability of transiently transfected MM cells (scramble control) that were decreased (P < 0.05) in cells transfected with siFra-1 or siMEK5 constructs. After addition of HGF at 5 ng/ml, siFra-1 transfected cells also exhibited less viability than MM scramble cells, although levels were unchanged in control (0) groups.
We next verified the effects of siMEK5 on blocking cell viability in response to HGF. Like effects shown in Figure 4 , an increase in cell viability was observed after addition of HGF at 10 ng/ml, but not at higher concentrations ( Figure 5A ). HGFinduced proliferation was blocked by knocking down MEK5 with siMEK5, which also reduced cell viability at higher HGF concentrations ( Figure 5B ). Western blots showed that both addition of LY294002 (20 mM), and knockdown of MEK5 with siMEK5 reduced HGF-induced PCNA levels, but addition of LY294002 did not have additive effects with siMEK5 in diminishing HGF-induced PCNA expression ( Figure 5C ). To determine whether knocking down Fra-1 or MEK5 resulted in the induction of apoptosis, the early translocation of phosphatidyserine (PS) from the internal to external leaflet, a marker of (A, B) or a dn MEK5 construct (C, D) after addition of HGF (10 ng/ml). Detection of a-Tubulin was used as a control for protein loading in lanes. Mean 6 SEM of n 5 3. *P < 0.05 compared with control (0) group. early apoptosis, was used. As observed in Figure 5D , knocking down Fra-1 or MEK5 did not induce apoptosis in the time period in which these experiments were performed.
DISCUSSION
The AP-1 family member, Fra-1, is up-regulated in several tumor types, including stomach cancer (25) , esophageal tumors (26), squamous cell carcinomas (27) , breast tumors (27) , thyroid tumors (28) , and mesotheliomas (1, 17) . Although Fra-1 may play an important role in cell transformation (17, (28) (29) (30) (31) (32) (33) , little is known about how this important protein is regulated in human tumors.
Previous studies by our laboratory and others show that Fra-1 expression is modulated by the ERK1/2 pathway (17, (34) (35) (36) . We show here that Fra-1 expression is more complex in approximately half of the human MMs examined, also involving activation of PI3K and ERK5 pathways.
In human MM cell lines, the degree of basal and induced Fra-1 expression is tumor line dependent. In three of the MM lines we examined, HGF-induced activation of the PI3K pathway contributed to increases in p-AKT and p-ERK5, and increases in Fra-1 protein were induced after activation of the PI3K pathway by HGF. On the other hand, in MM cell lines where elevation of p-AKT or p-ERK5 levels was not achieved by HGF, basal Fra-1 expression was generally higher (Figure 1) . The cell signaling differences among these two groups of MM cell lines requires more investigation, but simian virus 40 positivity was found in the three cell lines in which HGF induced the PI3K/MEK5/Fra-1 cascade, while all others were simian virus 40 negative.
HGF and its receptor Met, a proto-oncogene known to modulate cell growth and morphogenesis, are activated in many human MM cell lines (13, 37) and are present in many MMs (38) (39) (40) . Our data show that HGF stimulates MM cell proliferation through a PI3K/ERK5/Fra-1 pathway in some MM lines. We have shown previously that HGF can phosphorylate AKT in MMs (16) , and here we show for the first time that HGF phosphorylates ERK5.
Our previous work addressed the importance of the ERK1/ ERK2 pathway in Fra-1 expression; here we focused on MM cell lines with PI3K-dependent induced Fra-1 expression. We demonstrated that HGF-dependant Fra-1 expression could be blocked by the PI3K inhibitor, LY294002 (20 mM), or by knocking down MEK5 with siMEK5. Furthermore, knocking down of MEK5 and inhibition of the PI3K pathway together ( Figure 2E ) affect not only HGF-induced Fra-1 levels, but also Fra-1 basal levels suggesting that PI3K could be acting above MEK5 in the regulation of Fra-1 expression. Surprisingly, the Fra-1 mRNA levels in cells transfected with siMEK5 were higher than re- spective scramble controls, but HGF-induced Fra-1 mRNA levels were lower, agreeing with Fra-1 protein levels ( Figure  2 ). These data suggest that mRNA levels of basal Fra-1, but not HGF-induced Fra-1, might be up-regulated as a compensatory mechanism of Fra-1 post-transcriptional instability after MEK5 knockdown. This hypothesis is supported by studies showing that the MEK5/ERK5 pathway causes phosphorylation and stabilization of Fra-1 in COS-7 and HEK293 cells (41) .
Use of dnMEK5 stable MM cell lines clearly showed that basal Fra-1 expression was significantly increased in dnMEK5 cells compared with EV controls. Studies also revealed that protracted (24 h) levels of Fra-1 protein and particularly phosphorylated Fra-1 protein were lower in dnMEK5 MM cells. These results suggest that basal levels of Fra-1 may be compensated upon down-regulation of the MEK5 pathway, but that the phosphorylation and stability of Fra-1 is reduced in down-regulated MEK5 cells. Phosphorylation of Fra-1 is known to be important for its activation and stability. For example, Fra-1 is phosphorylated by ERK1/2, and phosphorylation of rat Fra-1 at Thr231 increases its transactivation activity (36) . Figure 6 shows a hypothetical model of Fra-1 regulation in MMs. This model depicts on the right the importance of ERK1/2 phosphorylation in regulation of the Fra-1 pathway as previously reported in our studies (17) and in a number of cell types (34) (35) (36) . In novel observations here, a second pathway is proposed (Figure 6 , left) whereby HGF stimulates the PI3K pathway and the phosphorylation of MEK5 in some of the human MMs examined. Even though the phosphorylation of AKT was used as a measure of the PI3K pathway activation in these experiments, the involvement of AKT in Fra-1 regulation needs to be further addressed and therefore AKT was not incorporated in the hypothetical model. In support of our findings, activation of the PI3K pathway by HGF also have been reported in some human MM lines that respond differentially to inhibition of cell growth by the small molecule c-Met inhibitor, SU11274 (40) . As shown in our studies here, over- expression of Fra-1 regulates HGF-induced phosphorylated ERK5 and phosphorylated AKT in a negative feedback control loop in MM cell lines with PI3K-dependent Fra-1 expression. This feedback control may govern responsiveness of MMs to HGF. For example, we reveal that knocking down MEK5 or Fra-1 with siRNA constructs or use of a dnMEK5 construct reduces HGF-dependent proliferation in MM. Even though proliferation is affected by knocking down Fra-1 or MEK5, apoptosis was not observed in the time period in which the experiments were performed. These data suggest that the ERK5/MEK5 pathway and Fra-1 may be important targets in HGF-dependent MM proliferation. Furthermore, the HGF-dependent Fra-1 expression, together with our previous observation that Fra-1 regulates the HGF receptor c-Met (1), suggests a self-regulatory mechanism of Fra-1 expression.
